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Technical Paper by J-P. Giroud 
EQUATIONS FOR CALCULA TINGTHFRATEOF 
SQUID MIGRATION THROUGH COMPOSTTIE 
Lmws DUE TO GEOMEMBRANE Dmccrs 

I.._-. - 

AJETRAm Equntioas availal& 10 d&k. fix addating the rate of liquid migration 
zbough t? campadc her due to georncmbme defects require the use of 1pachs to abtai 
the value (If one of t!tc kftrkt of tbc equations lor &h case whsc the lipid bud is larger than 
lihc lhkkncss of the low-penmahi:iily soil curnp0lKLlt all tbc composik liner. Zn &is w, 
it is sbawn that the lenns that ,mpire gmpb3 am bc cxprc.. ~dyticdly, wbticb kxk to 
a new sef of qeations that provides at5 entirely analytical means ofcalcttht&t~]3 rhc rate M 
liquid mfgration tluou& coznpceib liners. TM aw SI?I of quatins k part&Jarly us&u1 
whc! the liquid head is large cornpad to tk tbickna of tbc low-pczmcabilitj soil crmptx 
ncnt of !he composite iti, which is often the cm wbm be knw-permubility so:1 -ted 
with tke gcomcmbrane to form a comp&k liner is a gcosy~Uletic clay liner. A numnical 
example is given. 
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E+l~ion~ rr~ avAhble to C&&C the r& of liquid migntioxt through a composite 
liner, due 10 gtumembrane defects, when the liquid bead on zap of rhc l-&r in zznaI1 
cump8rcd to lht thsdsautw of the ~owlpcimcabiiity soil component of the axnpasitz lia- 
cr. whether thr defect is ~malf ((iitoud et I& 1989) ot large (Giroud et sl. 1992). Equt- 
tions are also avtihbic f<u the case where the head of Ijquid on top of thr: Iintr b lkge 
compared to the thickrss of the low-permeability soil coqonent of tke c0mpoA: tin- 
cr (Girotld et al. ‘l99Zl994); however, in such 1; cgso, graphs VIZ wcxsary co 01Mn 
the value of one nf the terms of the quation~ which Is cuznMsoxuz. 

In this paper, it is .shom that the graphs can be rcpiaced by tqurtions, which leads 
to aE c&,rc~p anaIytica1 n&hod for ti evaluation of the raSe of IcacBatc rnigntio~~ 
through a mmposik liner, regardk~ of the head of liquid on top of the liacr. 

1.2 Compositt uucr 

‘I’ha low-pcrmcabiiity Doil txmptmcnt Df a ccrmpositc iiiocr is gencraliy titbcr a CIWJ+ 
pacted clay liner (CCL) or si gcosyntietic ciay l&r @CL). The thickness of a CCL is 
typically between 0.3 and 1.5 m whcnns the tldcbm of a hydr&4 MX &pen& un 
the comprcssivc stress apphd during hydration md is typiczlly between 5 and 10 nlm, 
i.e. on the order of 100 times ks than the thkkless of a CCL The hydraulic mduc tic 
ity of both CUs and GCL &pen& on the natire of the material, thr nature of tt# liq- 
cid, and the applied mmpressivc stress; when tbc li@d is water ora leachate that does 
not affect t.2~ hydraulic conducrivity of clay, includiq bcntonitc. the hydraulic caaduc- 
tivity of 8 CCL is typically bdween I x l@t* and 1 x 109 m/s whcre~ the hydmdic 
conductivity of a GCL is typicm3fp bct~cn 5 x I@ rlld 5 x IWIt m/k, i.e. on the order 
of 10 to 100 thnes less than the hydraulic oonductivity of a CCL 

since an intact g~embnrm h;rs &I CXtEIU&? kW peImCabili& Most Of tbc liquid 
migration through a co- lipw occurs tkwgb gccmcmbram defects. In this ])a- 
per, tbc ody tsmcbdi of liquid migr&~ that isamsidered is tknv duoughgeumc!m- 
bnutc defects. The Uquid considered herein is WGC or any aqueous salution such m 
bchaw fmu municipal of hazardous solid wiW landfik 

~fthereisrrdefkctinthegc0membm c ~mpoaent of a ~mpcwitc li#r, tbt iiqllid 
pact first through tfre geamwabrant defect, &en it flows lateraNy some distance be- 

tween he gcomcmbr8nc and the low-pmneatility so& and, tidy it MtltrpteJ irk 
aad thmugh the low-pcrmcabw mil lwya which bstbcscumd component of the cm- 
posite liner @gum 1). Plaw in the space bmvctn tk gcmcmbrane and &hc low-pcm C- 
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ability soil is  dled interface flaw, md the am awered by tha in& flow is  m&xi 
the we?kd area 

The quality of the coNact bchveca the lwo cxrmpoilcnfs of a composite Ititer (i.e. tbc 
gmntmbme md the low-pcrmcability soil) $ ancuf the key fmorsgovcming the rate 
of fbw through tbe coiapositc liner, bccsru~ it guvemr the mfiua of the wetted area 
(F igwr: 1). Goud ~IKI JXXW  contact amditions have been dcfincd by Rmapartc ~4 al. 
(1989) as follows: 
l God umtact amditioas amqmd to t gcammbme institlkd, w ith as few 

tin&s a~ possibic. on top of a low-permeability soil layer that bars been aclcquately 
umpac?ed and has a smmti surface. 

l her contact conditions comripnnd to a g-membrane that has been iosizdled with 
a czrtain nut&r of minklcs, and/or placed on a low-pcmcabiiity soil that has not 
betn well oompactbd and does 470 rppcar smmb. 
Fqr pod amtact conditiahs, it is  msuxned that there is  mffkient compressive st rss 

to maintaiu the gmcmbrane in conhc2 with the low-pcrrutity soil layer. In Ibe 
case of a GCt, good cmtact conclitio~~ my be assumed because GCLs are usually 
‘bmtalkd flat, and ~MSUSC tht bcWmtite s lurry tit may exude from a hydmtcd CCL 
contrii~tcstocstabliPhing acksecontrtctbctween Uugcmembram and the G&pro- 
v ided stibt colIIp&e tltrmi8appIied. 

O ther f;rdws afkcbg tba -@of fbw @rough a OMHpoBitc liner arc tbc :lize of the 
defect, the hydraulic oon~,:@.t&#kMp@mcab~ity 803 Undc~Iyiag rtrc geomem- 
bane, and the had ofliquid~:~‘@ f~~ Ifhydrostatic condition pm- 
vail, thcbedofliquida,bopd:~~,~:~~~~erlepthoTliquid~~rc 
2a) aad, if the liquid is  q Ml-; @oq. g.rlope (Eligum 2b), tire he& of 
liquid W I top of the D +‘&&J$ by.:* 1sdlfdg CXJW~~OIK 

:: ‘:‘: : : ‘:‘:‘. ,...: :.:.: :.:j :, ,.._:. ,.. . . : ’ :: : ,,:,:, :,,y!‘i :1:: .:..y i,;.: ia.;; ._. :‘Y” ,..,;.. :;: : .: ,.C ., ..: ;,.;.’ .y. :.. . , . . . . . . . : 
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(4 h = Liquid bead 

where: I = thkkmss of liquid; D = depth of liquid; and j? = slope mglt. 

The follming dtfca shapes arc amidered in this pqcr (Figne 3r): 
l circuiar, with a surfam am, 0, and 1; dimtkr, J: 
g syuarc, with a side length, b; 
l rec%tngohr, with a length, B, md a width, b; and 

l infinjrely long (B = s) with 0 width, 6. 
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a =xcf*/4 a .5= &2 
Circtdar squire 

Flgurt3. Ddhldw ofpwa~etem used ia tk cqurtio~~: (a) plan rtm  shdng sbapw of 
gcomemhm defscts ib) crua section. 
NW: Il!he cqxui!c lion is w  a slop. ;bc liquid head on top of tk liwcc is dtfincd in Flgur~ 2. 

In the quticms that foll.uw, Q B the rate of liquid migration !hro@ the: geomcm- 
branc defect. Wbcn the defect has an infinite length, the equation gives Q”, wbkh is 
the liquid migration rate pc~ unit length of geomtmbranc: deftct. 

It is important to note that lhc quatim for liquid migratice rate that fellow are semi- 
cmpirkal and cat only bc used with the following hkc SI units: h (m), I~ (m), B (m), 
b (m), 42 (m2), k, (m/s), Q(m3/sb awl Q* (m2is). {Note: r, = thichcss of the l~w-pcfmt- 
ability soil component of the camposite liner; k = hydraulic cmc!h.tily (tithe fow- 
pemxsbility s&I component of the anposite liner; ad all tier symbols wwc defined 
abwc. ) 

2 EXWIING PQUATIDNS To CALCULKL-E ‘II1AE RATE OF UQUID 
lMJGRA!IlON THROUGH COMPOST LINERS 

2.1 iEquaticms for Small Hatd 

The folkwing quatim have been proposed far the asc whtrc the kad of Quid on 
top of the liner is less than the thkkacss of the law-permeability soil camp ncnt of he 
composite liner. 
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Case ofa Circlrlat D&ct. ln the cast of B circular dcfcct. the fdlawiag guation has 
been establitied by Gimd ct af. (1989): 

hence: 

where Cp is the conlact quality factor (dimcnsimkss) fol a circular or square bale, 
With: 

! ::: 

. .,.,. 

, .,_: 

.__. . . . *.. 
(’ : 

t . .a .< 

’ ::i: 

:.. 

‘*o;;, . . 

.’ ,. . . 

whwc: c copd = value of CY in tbc case of good contact cmditions; and C,, = value 
uf c$ in the ca.. of poor cmtut amditions. me good and porn cuntmct con&kmi 
were defined in Saiom 1.3.) The following values wcrc established by Gmud ct al. 
(1989): 

Case of’s Squm De&r, In the case of a square dcfccr, the fo,uoHring equuim hts 

been established by Giroud et at. (1992): 

whcrc C,‘, is the contact quality factor (disncnsionl~) for a defcd of infinite length, 
with: 
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c ppss= 122 w 

Cast of a Rectungnlar Dqhct. Ln the case of a rxtangular defect, the fullowing qua- 
tic-m has been established by Giwd et al. (I 9(n); 

where C,. and CIm have the vahcs defined above. 

22 LlqurtI@ns for LArge Hemd 

When the bead of liquid on top of the tiner is grmter than the thickne~r of tk low- 
pcmcability soil cmpwxnt of the cmpo& iintr, Equations 2,3,7,8 and 12 are a~t 
valid. ktcad, the followingequztions shouldbe US&, as shown by G&ad I:t al. (1392); 
’ circular dcfst: 

. square defect; 

l Infmitely Joug ddwt: 

l Rectangular dcfccz 

where: iy” = average bydrati gmiient in +Jlc irr~-permmSlity soil in tlw cast of a 
circuh or .quare defect; and& 3 average hydraulic gradient in the lowq~cmmbili~ 
soil in the case of a defect of infinite kngth. Tbc values of k and &, are given in tbs. .:” 
grapha presented in pigurc 4. 

It appmtitat, whem the head of liquid isgreatu than tke thicknes of tht .luw-pen&. ,.: : 
ability soil txmpmcxc of the cornpoW liner, the caklation of the rate of lipid rn&a~ : .‘I ::, j’: 
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Average hydraulic gndisnt, l,,,,Q - 

. . . . . ” 
. 

. . . ..: : 
. . . . ., . . . . . . . : 

%7 

Average hydraulic gradient, iaao 



tion is n0t entirely analytical since g3apcls must bc us&. This is llot cunvcnicn~ espc- 
cially wbcn cakuMons for P lugc number of cases have to be performl:d. 

3 NEW EQXJATXONS TO CAILIW~ THE;: RATE OF XAQUID 
MXGRAXTON THROUGH COMI’CXBTE LINERS 

3.X A~~lydal Expmsloa oC the Avrmge Hydraulic Cradkut 

After numerous attempts, it was found that a good zp?roximstion of the values of i, 
and iyJD plwtcd in Rgm 4 is given by the following cquarions: 

h = I + 0.1 (h / 2, y’ (17) 

L# - = I -t 02 (h / r, y WI 

32 New Equaliom far Liquid Migration Rate 

Combining Equaticns 13 to 16 with Equations 17 bnd 18 gives the foti owing equs- 
tions that can be Iuicd to c2kulrte fhc rate of liquid migration tbfoagh composfe kin= 
l circular defect: 

l minite1y kmg dew-t: 

Q *= CQ1 [!+0.2 (h / tl )“’ ] boJ hoA k”-B7 1 

l RcxxtnguI;rr defect: 

(22) 
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Values of C, arc givcu by @uaticun 4, S and 6. Values of Gp arc given by fkp~~icms 
9, 1-G and I.\. The other paramctcrs are dcf^uled iu Scctiw 15. E!quatiorrr 19 ta 33 (y\= 
senicmpirical and they must be usfA with tbc units dcfiucd in Scctior. 1.5. 

1: should I% noted tit, whwr l.kthc bc%l ufliqtid on hop of the liner is sr;zalIw than the 
thkkucss of the low-pcrmcabiljty soil Wmpanent of tie coq305itc liner, the vak of 
i& and & given by l@mtior& 17 and 18, rcqxtivciy. is approximarely equal b 1, 
and Fgulrtions 19, ZG, 21.22 md 23 become idemticd to Equations 2,-?, 7,8 and 12, 
respcxtivzly, 

33 

7% limits of validity of the alme equaticns are discus& 
(1997). These limits can lx summarized as follms: 

in delail Qimud I:? al. 

l If the Met is chcufw, the defect diamerct should bc no Icss than 05 mm antf not 

greater than 25 mm. In the B of defects chit UC nat c&&r, it is propvricd XI w 
these limitations for the defect width 

l The liquid head on top of the gecmmbram should bc mpil to ot less than 3 m. 
l The hydraulic cfxtductivity of the low-permeabUy Soil underlying the gcamcrw 

brute should be equal m w kss than a ccmiu vthc kc, which is less chm the wluc 
k, fix which the relevant caption for the considered defect type (i.e. ul cqcu!:ion 
&cted from E4paticms 19 to 22) 8nd BacwUi’s cquatirnr for free flvw tbrmgh an 
orifice give the same value of the rate of liqGd migration through the gcomanbrme 
defect 
To msurc a smooth +m&ion between liquid migration rates cakulated uying P,ua- 

tkms 19 to 23 and those c3Mattd using BcrnouWs cquathm, Woud et rt (1993)~ro- 
pose trle foiiowing value for ki : 

In the cpsc: where the gmmcmbzam 
eqwioo (Giroud et al. 1997): 

defta is circuhr, following 

(2s) 
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3.4 ExazRpk 

A cwnpositc liner cbnkists of a geomcmbrrmt pkcd on a CiiiiIL havblg a thickness 
of 6 mm and a hycfmk conclu&ity of 2 x lVlr m/s. The geomcznbranc has a recim- 
gular d&a with a width of 1 mm and a hgth of 15 mm. TINS bad of liquid on top of 
the composite liner is 25 nrm. CaJcuI& the nSc: of liquid migntion through this defect. 

7% mtc of liq;Jid migratioxl through the mmpite IiDcr bcalcubtt0 as follows usiug 
Equation 23; 

Q = C,[i +0.1(25/4jy~~~(i x fOJ)a*z(25x 10”)“(2 x IO-“)““+ 

c,[1+o2(25/6)0#](15-L)x:o-3(lxIo-’)o’(25x1o-’)”~“(2~:1o’“)~~” 

bella; 

Q( m’ / s) = c,(ts3 x 10-‘D ) t C&17x l(i-“) 

Assuming gaud contact l~~~ecn the gcumcmbranc and the GCL, Equatiam S and I.0 
give: 

cp= 031 c;-= 052 
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Q( I&)= 0.2 1 x 1.53 x 10”’ + 0.52 x I-17 x 10’I2 = 32i x 1 O-” + 6.08 x 10 -‘u 

hena: 

it is intertsthg to note that, if the defwt bad been square with II side length of 1 mm, 
the ntc of liquid m-ion thugh the defect woukl bavr ti expressed by the first 
term of the above qurtion (321 x 10’” 129/f& which is mu& greater than the xx3nci 
tam, In other wmtq the cakdaicd rate of iiquid migration is only stightly glwter 
thraugbthclSmm*~oamUcftctLha;l~ou~hdrelmmxla~dafea.Thisisbcctlrsc, 
in this particular example, tbc radius ofthe wetted area, cakulatcd as indic;ucd bly Gi- 
mud et aL (1992), is very large annprted to *Aa defect sire and is far more Jcpandent 
on &fcct width than on d&c! length. (7hc calcu~tkn give a w&ted atta radius of 
apyroximately 0.6 m.) 

The cqwtions prescntcd in this paper provide design engineer3 with aa entirely at;a- 
lgtkal mctbod to cakulatc the rate of liquid migt&on through a annp0sit.e litw, due 
In gcoulcInbfane UC% for tiquicl heads03 top ofthe IineT upto m. The new equa- 
tkma are equivalent to the existing method (Oiroud et aL 199221994) which nquit# 
bolh qu8tiom and graphs when the head of liquid on lop of l sU: liicr isgrcatcr than dre 
thicknesr of the low-pamcab3ity soil compoautt of the cumpwitt liner. Howww, tbc 
uew equations arc mmc wnvtnicnt because the values that had to be obtained Mm 
graphs ate now incoqcmtul into the equationa (Equatioas 19 23 23). 

Tk new equations arc partimhrly usofui In cases where the luw-pamc8bility soil 
ampmcnt of tbc compasitc liner is a GCL kcausc the head of liquid on tupofthe lk 
is ofh greater amI the thiclulcss of talc GCL 

The support of GeoSyntcc Consultants is adcnowMJgcd. The author b gxatchl to IL 
Badu-Twcncbaah, T. I-h+Hanat and M.V. Khirc for vahablc commctlt3 and tr, K. 
Hokomb, N. Pierce and S.L Ekdy for their assistance in rhe preparation of this paper. 
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MATIONS 

Basic Sl units ace given in p~~tlrcses. 

u = defect iina @x2) 
B = length of rectangular dcfecl (m) 
b = width of tcdangilar defect (m) 
& = side length of yuarc ckfc43 (m) 
c, = watad quality factor (diaxuknl~) 
G = cmlact quality &tow for a &cular or square deftit (dimensibalcus) 
&k-f = value of C, in the CUEC: of good oanbct conditions (dimcnsicakss) 
GVJ- = v&o of CB&, in the cdsc of poor contact conditions (dimcnsionlcss) 
G = contact quality fector for a defect of Minitc length (dimcn&nhs) 
C r-M = value of C& in tic case of pd amtwt cot~ditions (dimensMess) 
c YaEcrr = value of q, in the case of poor conract conditions (dimensirml~) 
D depth of liquid on top of the gcorntmbnnc (m) 
d = diaxnrter of circulu defti (m) 
h = bead of liquid on top of the gcomembrant (m) 
in- = average hydraulic padieut in the low-pcrmcability soil in tlx cae of a 

cirariar or square defcd (dimcnsirmbs~) 
L#m = average hydraulic gradient in the iw-pcm#ability soil in &he case of a0 

infinitely long defect (dimmsionks) 
k = vaIue oi A, abwe WWI Equations I9 to 23 arc not valid (nrt:~) 
lLcr = vahe of&, forwbiti Equatiul19 to 23 and Bernoulli’s q&w for free 

fiow tbroaghaa orifice give the same whe of the rate of liquid migratim 
through a geomembranc dcfctt (m/3) 
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.; : 

= hydraulic sxmductivily uf the low-pcnacatrility su2 mrnpwznt of the 
compa6ite her (m/s) 

= liquid migration rate through tbc conafdercd gcancmbcanc defect ( m3k) 
= liquid m&a&n rate pcx tit kqglr of gmmcmhtanc dcfcct ia the w 

of an idStely long defect (mzk, 
= radiaa of wetted area {rn j 
= thickness of Iiquid 08 top of the gcomentsranc (m) 
= thickness Of Cbc kW=permeability soil conrpownt of the composite liner 

No 
= slqxanglc(O) 

..:_ . 
;: : 
:: I,::’ _,_ . . 
i... 
‘::: ,. 
:: 
. . . . 
: . 
i 
.; . 
;. 
. . 
f. -. 
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Appendix E 

Steady Flux of Water Calculations 
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ICDF Evap. Pond Lining System Equivalency Analysis 
Steady Flux of Water Calcs 

Darcy’s Law for flux of water (v): v = k [H + T]/T where; 
k = hydraulic conductivity 
H = the depth of liquid on ponded on liner 
t = thickness of liner 

Assume that the water flux through GCL is equal to the water flux through CCL: 

VGCL = VCCL 

and calculate the required hydraulic conductivity of the GCL by substitution: 

tkGCL) Reqd = kCCL x FGCLhCL 1 x [(H + TCCL)/(H + TGCL)] 

Given: 
kCL = 1 .OOE-07 cm/set 1 .OOE-09 m/set 
TCCL = 3 feet 0.914 m 
T GCL = 0.25 inches 0.0064 m 

(~GCL) Reqd (m/set.) @GCL) Reqd (cm/set) I-I (inches) I-I (m) 

564E-10 5.64E-08 0.2 0.005 

l.O5E-11 l.O5E-09 72 1.63 
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